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Abstract 
Plasma parameters of an inductively coupled radio frequency discharge in argon in an external axial magnetic field have been 
investigated at working pressures of 5×10−4–1×10−2 mbar and magnetic field of 0–80 G. Axial distributions of plasma density 
and electron temperature have been derived from Langmuir probe measurements. Plasma density monotonically increased with 
the increase in magnetic field at the highest pressure (1×10−2 mbar), whereas at lower pressures it reached its maximum (∼ 3×1011 
cm−3) at a B-field ∼ 19 G. Plasma density was almost independent of the working pressure under low pressure regimes, which 
means that the degree of plasma ionization increased with the decrease in pressure reaching several percent at 5×10−4 mbar. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering 
Physics Institute)  
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1. Introduction 
Inductively coupled plasma (ICP) sources are widely used for various technological applications, including 
etching of semiconductors, thin film deposition, and surface modification of materials [Hopwood (1992), Keller 
(1996), Okumura (2010)]. These sources are able to produce highly-uniform low temperature plasmas of high-
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density (up to 1012 cm−3) in large volumes. Due to electrodeless nature of the discharge it is possible to have 
relatively small impurity content in plasma, and both the energy of ions arriving at a substrate and the discharge 
power vary independently. 
Most of investigations of ICP plasmas were performed at relatively high pressures (≥ 1×10−2 mbar) due to low 
plasma potentials under such conditions, which is important for semiconductor etching. However, low pressure ICP 
plasmas are attractive for some applications. Under such regimes, high ionization degree (up to several percent) and 
reduced energy spread of incident ions can be reached. It has been reported that an external magnetic field allows 
ICPs to operate at very low pressures (down to 10−4 mbar) and it can also increase plasma density [Stevens et al. 
(1995), Ho-Jun et al. (1996), Tang et al. (2003), Kral’kina (2008)]. The dependence of plasma density on B-field 
value must be influenced by the design of the ICP source and working pressure. This work is devoted to 
investigation of plasma parameters of an ICP discharge in an axial magnetic field at various pressures. 
2. Experimental setup 
Fig. 1 shows the scheme of the experimental setup. The cylindrical vacuum chamber made of stainless steel (SS) 
was evacuated with a dry scroll and turbomolecular pumps to a base pressure of about 10−5 mbar. Plasma was 
generated by a radiofrequency (RF) ICP antenna Beams&PlasmasTM RFPG-250 (Russia). The antenna consisted of a 
flat multispiral water-cooled copper coil. It was mounted on a front flange inside the vacuum chamber and was 
protected from direct plasma exposure by an aluminium housing and a quartz window. The power from a RF 
generator (13.56 MHz) was supplied to the coil through an automated RF matching network. A pair of Helmholtz-
type electromagnetic coils outside the discharge chamber was used to create a static longitudinal magnetic field with 
an axial non-uniformity within 10% between the coils. B-field could be changed from 0 to 80 G by changing coil 
current Ic. The antenna was inside a coaxial cylindrical SS thermal shield installed inside the chamber to reduce the 
heat loads on the walls during high-power operation. The plasma inside the thermal shield was also limited by a 
30 ȝm SS wire mesh mounted at the end of the cylinder. 
 
 
Fig. 1. The scheme of the experimental setup. 
The axial distributions of plasma density and electron temperature were measured by using an array of four 
cylindrical Langmuir probes mounted on a linear feedthrough. The probes were made of 5.5 mm by 1 mm tungsten 
wires sealed in ceramic tubes and mounted linearly with 30 mm spacing. At all working pressures used the mean 
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free path of electrons was large compared to the probe dimensions. The probes were biased by a DC bipolar power 
supply, and the current–voltage characteristics were recorded by a digital storage oscilloscope.  
The plasma density n was estimated using the Bohm formula from the ion saturation current I0, obtained by linear 








= ,  (1) 
where e is the elementary charge, M is ion mass, A is the ion collection area of the probe, k is the Boltzmann 
constant.  
The ion saturation current I0 was subtracted from the total probe current to yield the electron current Ie. The 
electron temperature Te was then determined according to the collisionless-sheath Langmuir probe theory from the 
slope of a semilogarithmic plot of electron probe current versus probe voltage [Chen (2003)]. 
Although no special filters for compensation of RF fluctuations of a plasma potential were used in the present 
experiments, correct determination of electron temperatures in that case is still possible, as it was shown in [Oksuz 
(2006)]. In order to minimize the influence of distortions of I–V characteristics caused by B-field on data 
interpretation, electron currents were considered only in a small region near the floating potential. 
3. Experimental results and discussion 
Measurements were carried out for argon plasmas at working pressures in the range of 5×10−4–1×10−2 mbar and 
in different magnetic fields. The input RF power was 1 kW, and the reflected power did not exceed 10%. The I–V 
characteristics of plasmas without a magnetic field were quite smooth, and the corresponding semilogarithmic plots 
exhibited a good linearity. However, in the presence of the B-field, they were distorted by a high-frequency noise. 
Consequently, in order to reduce the disturbances affecting further calculations, each I–V trace was first averaged 
over 128 runs and then smoothed by using a low-pass Fourier filter with a cutoff frequency of 10 kHz. In addition, 
with B-field increasing, the deviations of electron current from exponential behaviour became more pronounced at 
large positive bias voltages (Fig. 2). 
The measured axial distributions of electron temperature and density in Ar plasmas at different coil currents are 
shown in Fig. 3. All these distributions are weakly non-uniform for all B-fields used. 
Fig. 4 shows the dependence of plasma parameters on the B-field value at a fixed distance of 118 mm from the 
antenna, where the highest plasma density was obtained (according to Fig. 3). 
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Fig. 2. Semilogarithmic Ie−V characteristics corresponding to the probe traces collected at 118 mm from the antenna for argon plasmas at a 
working pressure of 10−3 mbar and two coil currents. 
 
Fig. 3. Axial distributions of plasma density (a) and electron temperature (b) for argon plasmas at a working pressure of 10−3 mbar and different 
coil currents. 
As it can be seen from Fig. 4, electron temperature has a weak dependence on the B-field value for all working 
pressures used. At working pressures in the range of 5×10−3–5×10−4 mbar, the dependence of plasma density on B-
field is non-monotonic — it reaches its maximum at a B-field ∼ 19 G. It was also visually observed as an increase in 
light emission from the plasma and reduction of reflected RF power. Rise of B-field over 70 G causes discharge 
disruption. These observations are in line with those reported in [Tang et al. (2003), Kral’kina (2008)]. 
Concurrently, at a pressure of 10−2 mbar plasma density monotonically increases with increasing B-field, which is in 
line with the results reported in [Stevens et al. (1995)]. Also at pressures below 5×10−3 mbar the maximum value of 
plasma density is ∼ 3×1011 cm−3 and is practically independent of the working pressure. Thus, it can be concluded 
that the degree of plasma ionization increases with decreasing pressure, reaching several percent at a pressure of 
5×10−4 mbar. Such regimes with a high ionization degree are attractive for plasma treatment of solids. 
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A similar dependence of ICP plasma parameters on B-field value was reported in [Kral’kina (2008)]. Based on 
numerical solutions of wave equations in magnetized plasmas, the authors concluded that non-monotonic 
dependence of plasma density on B-field value is due to non-linear dependence of plasma resistance on B-field. This 
is caused by a resonant excitation of helical and electromagnetic electron waves in magnetized plasmas which can 
effectively heat the electrons in the bulk plasma. In the absence of a magnetic field, the electromagnetic waves 
excited by the antenna propagate only to a thin skin depth in plasma. 
 
Fig. 4. Plasma density (a) and electron temperature (b) versus magnetic field measured at 118 mm from the antenna for argon plasmas at different 
working pressures. 
4. Conclusion 
Measurements of parameters of inductively coupled argon plasmas in an axial magnetic field were performed in 
the pressure range of 5×10−4–1×10−2 mbar and in the B-field range of 0–80 G. The axial distributions of plasma 
density and electron temperature were shown to be weakly non-uniform for all B-fields used. Electron temperature 
had a weak dependence on B-field at all working pressures used. At a pressure of 10−2 mbar, plasma density 
monotonically increased with increasing B-field. In the pressure range of 5×10−3–5×10−4 mbar, plasma density 
reached its maximum at a B-field ∼ 19 G. At these low pressures the maximum value of the plasma density was 
∼ 3×1011 cm−3 and was practically independent of the working pressure. The ionization degree rose with the 
decrease in pressure and reached the value of several percent at a pressure of 5×10-4 mbar. 
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